In view of the purpose of this symposium, I thought it appropriate to delineate some ecological aspects of pollution-aspects which require fairly sophisticated biomathematical approaches. If we are to have a plan to estimate health effects for any one of several suspected pollutants, be it DDT, a heavy metal, or a radionuclide, a good deal of descriptive information must be consolidated, quantized, and assigned priority. In some cases, the descriptive information still remains to be established, and in any event, we need a "road map" for the consolidation, quantizing, and assignment of priorities. We also need to be clear about objectives in such handling of the data, and I will have more to say on this at a later point.
Introduction
In view of the purpose of this symposium, I thought it appropriate to delineate some ecological aspects of pollution-aspects which require fairly sophisticated biomathematical approaches. If we are to have a plan to estimate health effects for any one of several suspected pollutants, be it DDT, a heavy metal, or a radionuclide, a good deal of descriptive information must be consolidated, quantized, and assigned priority. In some cases, the descriptive information still remains to be established, and in any event, we need a "road map" for the consolidation, quantizing, and assignment of priorities. We also need to be clear about objectives in such handling of the data, and I will have more to say on this at a later point.
During the past several days, considerable discussion about nuclear materials has taken place. It may be useful to take a brief look at the nuclear industry as regards other pollution problems. Let me say simply that the nuclear industry provides us with one of the few examples of a comprehensively planned technology. Operationally, it provided for the building of nuclear plants, their regulation, environmental monitoring, the setting of radiation exposure standards, and the support of studies on ecological and health problems. As a result, the assessment of risk to man and the underlying ecological pathways affected by discharge of radioactive wastes are probably more completely understood than any other kind of industrial risk. We have been taken by surprise with environmental deterioration (the poisoning of birds and fish by DDT) and with serious toxicity effects (the contamination of fish by mercury). Yet, the dissemination of many such pollutants, particularly persistent chlorinated hydrocarbon compounds, is analogous to the radiation situation. The attendant phenomena of dispersal, biological concentration, and concentration in feed webs were predictable. 
Environmental deterioration as a concern
Let's examine our ecological objectives more closely. Emphasis, during the past few days, has been placed on narrow aspects of health-mortality, long term toxicity, and potential mutagenicity. I hope we can also agree that a good natural environment is a determinant of one's general well being. Environmental quality is much less well defined, at this point in time, than is physical health in the sense of one's freedom from disease. Yet, its over-riding importance has been clearly indicated by creation of the first Presidential Commission on Environmental Quality, by the report of that Commission [6] , and by the creation of the Environmental Protection Agency, itself.
Most authorities agree that widespread environmental effects affecting our health could potentially overtake us, and rapidly, as a direct consequence of our very large technological growth rate (for example [6] , [14] ). This growth rate is typified by the projection of total energy demand in the United States shown in Figure 1 [14] . The U.S. Picture is much tighter, with less than five per cent in any sense to be considered reserve [6] . How does pollution affect environmental quality? Are there important values other than personal esthetic values? These questions, in fact, have been answered well in several recent publications [5] , [13] , [14] , so I will take time only to indicate one peculiarly ecological problem which the SCEP work group termed "pesticide addition" [14] . In this situation, regular use increases the need for and frequency of application of pesticide. Continued use creates new and sometimes resistant pests. Also, new herbivorous insects find shelter among crops where their predator enemies cannot survive. To stop pesticide use in this situation invites catastrophic crop damage. The problem shows another aspect. In Table I , if we compare crop yield with pesticide use, we see that a 10-fold Biocides used for the control of weeds have increased substantially during the past 20 years, particularly the organochlorine compounds. In 1964, 184 million pounds of herbicides were sold in the United States, and 97 million acres of agricultural land were treated with them [2] . In a major study [1] , many substances were considered from an operational point of view. Such an analysis had to be ultimately limited to lead and to DDT, because of the scarcity of data regarding the environmental effects of the other biocides. DDT and lead were, of course, in widespread use, longer than any other material, and they had demonstrated wide interaction with all of the potential ecological and other transport pathways for man-made chemicals in the environment.
The relatively short time allotted this morning will not permit comprehensive discussion of lead, or the other pollutants mentioned above, so we will, this morning, confine our attention to a single case study, DDT. Partial information on the other pollutants can be found in the literature [1] , [2] , [14] . Basically, ECOLOGICAL AND ENVIRONMENTAL PROBLEMS 499 we approached each of these problems with the five-step approach, indicated above. 5 . DDT case study 5.1. Environmental pathways. Figure 2 is based on comprehensive studies of sources, production levels, and various reported concentrations in the environment [1] , [16] . Geographic locations of DDT producers are less well known, however. One may note, also, that an operational analysis of this kind includes data from many workers, based on non-standardized technics. Thus, many of the reported water concentrations are too high, 10 or 1000-fold higher than the solubility limit of DDT. Undoubtedly, these samplings included microscopic organisms in which DDT was concentrated. It is of interest that of the DDT produced annually, about Y ends up in the ocean. This estimate is based on measured concentrations in rainfall [20] and estimated total oceanic precipitation [14] . There are, however, about 25-fold differences among some of the DDT samplings measured [14] , [16] , [17] , and the discrepancies show a need for comprehensive world-wide monitoring. Since DDT Ecological pathways for DDT in aquatic ecosystem, showing also critical pathways to man. This is only one of six subsystems indicated in the preceding figure.
5.2. Ecosystem structure. In Figure 3, [8] , [9] , we attempted to model a restricted aquatic ecosystem, in order to predict transfer rates between trophic levels. As shown in Figure 4 , the maxima for tissue accumulation of DDT, for various organisms, were attained in about 30 days, with multiexponential loss curves thereafter. Some of difficulties of sampling are indicated in this study, in which, for example, had we rigidly adhered to a fixed time sampling program (desirable for reasons of economy) we would have missed important features about DDT turnover in sediments, tadpoles, and pondweeds.
The ecosystem shown in Figure 4 is in a dynamic state, with organisms in higher trophic levels dependent on next preceding organisms. With more complete data, one might be able to quantitatively estimate standing populations and energy transfer rates between trophic levels. However, most of the populations are changing rapidly with time, and in location, so that the model portrayed is not presently adequate as a quantitatively predictive model for system behavior. One may see how productivity of the whole system would be impaired if aquatic plants were to disappear. As it stands presently, this model is useful for revising sampling strategy, assessing organisms for their utility as biological concentrators of DDT, and for estimating transfer rates between trophic levels.
In the two preceding figures, we showed a marine and a marsh aquatic ecosystem. There are also several important terrestrial ecosystems to consider for DDT. Information on terrestrial food-webs is much more sparse, primarily as a consequence of the greater difficulty in sampling and monitoring (see [21] ). We do not have adequate information about deterioration of terrestrial environments, although warning signs are up.
5.3. Indicator species and biological effects. Both of these pollution parameters are now fairly well established. Fish-eating birds, for example, petrel and pelican, are extremely sensitive because of their high concentrating capacity. Both the causative mechanism and the correlation between reproductive success and DDT levels are established for these birds and also for carnivorous fish, especially sea trout [16] . Robert with normal hatching. Laboratory toxicity determinations now show that at least some marine organisms at every trophic level are exposed to lethal concentrations, for DDT at the higher levels reported in Figure 3 . This includes fish larvae, crab, shrimp, oysters, molluscs and other species [16] . Certain phylplankton are extremely sensitive to DDT, in the parts per billion range [15] , [22] . There are, of course, myriad planktonic organisms, and it is not clear that the depth or range of species concerned are equally affected by water concentrations as presently measured. DDT and the polychlorinated biphenyls (PCB) seem to distribute together, and they have similar biological effects in birds [24] . It is not clear at present to what extent effects attributed to DDT are consequent on PCB. Analytic differentiation of the compounds is difficult, but it should be better established.
5.4. Ultimate reservoir. As to reservoir, we have only sketchy information, not readily quantifiable. Soil degradation rates are quite slow [12] . We know little about the long term cumulative effects on soil micro-organisms. The quantitative estimates I described earlier for codistillation suggest that the ocean is the ultimate accumulation site. However, we have little or no information on rainout patterns in relation to aquatic breeding sites-in estuaries and on continental shelves, as in Figure 5 -nor do we know about depth distribution FIGURE 5 Productivity of marine fisheries in millions of metric tons (copied from [16] The sampling problem has held our attention for several years [7] through [11] . We have generally assumed that the principles of first order kinetics provide a reasonable mathematical model of the actual processes governing pollutant movement through food chains. Our procedure generally involves (1) establishing "case histories," (2) constructing computer simulation models for individual case histories, (3) investigating linear least squares methods as tools for fitting models to data, (4) attempting to elucidate some general principles that may be appropriate for predicting rate constants for substances and species that have not been directly studied, and (5) formulating questions about efficient sampling procedures. At present, it seems necessary to limit an approach via simulation to some rather simple situations, inasmuch as there are a number of unresolved questions about descriptive aspects of the systems of concern. In Figure 6 , and in Figure 4 shown earlier, we can examine two simulated ecosystems with a view toward optimizing sampling strategy. Basically, there are three elements to consider [8] : (1) sampling in time, (2) sampling the system, and (3) sampling the space.
Of these elements, sampling in time is basically a curve fitting process. Seasonal cycles in concentration are usual, and they will affect measurement levels. Also, an optimum sampling spacing for one species may be very inefficient for another.
Sampling the system involves assessing the potential pathways of accumulation for a pollutant. If we have extensive data available in the literature, the problem is simplified, but considerable experience and judgment are still required. Such judgment is evidently not yet generally available for efficient "systems analysis." If the pollutant is, in fact, doing serious damage to some species population, there is evidently need to bring in whole new areas of study, for example, population dynamics and dose response models. Field study of the effects of pollutants on natural populations is something that we see very much in prospect, but I do not at the moment perceive much more than that we somehow have to establish connections between "food chain kinetics" and population dynamics as the relevant fields of inquiry.
Sampling in space is complicated by seasonal cycles and by feedback effects. Of these two problems, potential recycling (re-entrainment) constitutes a formidable problem. Usually, only a small fraction of material is found in aggregate mass of biota compared to the "reservoir" locations. For this reason, a balance study must usually be coupled to the dynamic study. In this connection one ECOLOGICAL AND ENVIRONMENTAL PROBLEMS 507 should note the 1000-sample ocean baseline sampling program proposed in the SCEP report [14] .
The Arctic ecosystem shown in Figure 6 lends itself particularly well to ecological modelling because the pathways are comparatively simple and because a very extensive body of data was accumulated on all aspects of the system. A remarkable feature of the system is how faithfully the seasonal increase in body burden of Cs 137, in those Eskimos following native ways, reflects the seasonal variation in Cs 137 in the caribou. The variation in caribou is a consequence of their winter dependence on lichens for forage (seasonal migration to feed on lichens). Lichens are good accumulators of Cs 137 from fallout. The Eskimo's body burden is related to that of the caribou herd and to its movement, thus, a complex consideration exists as to modelling parameters. In Figure 7 , we can judge better the simulation in relation to observed data points for Cs 137 in muscle. The parameters here include time of the migration and the amount of lichen eaten, which then apply to the entire six season run of data. Comparison of simulation and observed points; Cs 137 in caribou muscle. 
